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Kinetics  and  mechanism  of  formic  acid  (FA)  oxidation  on  platinum  and  upd-lead  ad-atoms  modified 
platinum  electrodes  have  been  studied  using  unlabelled  and  deuterated  compounds.  Poisoning  of  the 
electrode  surface  by  CO-like  species  was  prevented  by  suppression  of  dissociative  chemisorption  of  FA 
due  to  a  fast  competitive  underpotential  deposition  of  lead  ad-atoms  on  the  Pt  surface  from  an  acidic 
solution  containing  Pb2+  cations.  Modification  of  the  Pt  electrode  with  upd  lead  induced  a  catalytic 
effect  in  the  direct  electrooxidation  of  physisorbed  FA  to  C02.  With  increasing  degree  of  H/D  substi¬ 
tution,  the  rate  of  this  reaction  decreased  in  the  order:  HCOOH  >  DCOOH  >  HCOOD  >  DCOOD.  HCOOH 
was  oxidized  8.5-times  faster  on  a  Pt/Pb  electrode  than  DCOOD.  This  primary  kinetic  isotope  effect 
proves  that  the  C-H-  and  O-H-bonds  are  simultaneously  cleaved  in  the  rate  determining  step.  A 
secondary  kinetic  isotope  effect  was  found  in  the  dissociative  chemisorption  of  FA  in  the  hydrogen 
adsorption-desorption  range  on  a  bare  Pt  electrode  after  H/D  exchange  in  the  C-H  bond,  wherein  the 
influence  of  deuterium  substitution  in  the  0— H  group  was  negligibly  small.  Thus  the  C— H  bond 
cleavage  is  accompanied  by  the  C— OH  and  not  the  0— H  bond  split  in  the  FA  decomposition,  producing 
CO-like  species  on  the  Pt  surface  sites. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

An  effective  way  to  enhance  the  catalytic  activity  of  noble  metals 
(Pt,  Pd,  Au)  in  electrochemical  reactions  (in  particular  oxidations)  of 
organic  molecules  and  CO  is  their  modification  with  a  second 
metallic  component  with  a  different  strength  of  adsorption  of 
hydrogen  and/or  oxygen,  realized  by  electro-deposition  of  foreign 
metals  1  —18]  or  by  alloying  [12,19-23].  Recently,  much  attention 
has  been  paid  to  nanostructured  mono-,  bi-  and  multi-metallic 
systems  [12,24-46]  including  core-shell-structured  nanoparticles 
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[47-50  or  self  assembled  monolayers  on  electrodes  51-56]. 
These  reported  investigations  have  been  mainly  concerned  with 
the  influence  of  composition,  support  effects  and  other  structural 
details  on  their  efficiency  as  catalyst  in  fuel  cells.  However,  despite 
of  many  reports,  further  extensive  adsorption  and  kinetic  studies 
are  desired  for  better  understanding  of  the  mechanism  of  the  cat¬ 
alytic  reactions  at  such  electrodes. 

The  purpose  of  this  work  is  to  present  data  on  the  kinetic  isotope 
effect  caused  by  systematic  H/D  substitution  of  formic  acid  (FA)  as  a 
useful  way  to  gain  deeper  insight  into  the  mechanism  of  the  rate 
determining  step  (rds)  in  the  electrooxidation  of  this  compound  on 
platinum  and  upd-lead  ad-atoms  modified  platinum  electrodes. 
Taking  into  account  our  earlier  investigation  dealing  with  the  ki¬ 
netics  of  formaldehyde  adsorption  and  oxidation  on  Pt  and  Pt/Pb 
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electrodes  in  acidic  medium  7],  we  now  report  results  of  experi¬ 
ments  performed  using  cyclic  voltammetry  at  moderate  and  fast 
sweep  rates  combined  with  chronoamperometry,  aimed  at  further 
elucidation  of  the  electrooxidation  mechanism  of  FA  at  these 
electrodes. 

2.  Experimental 

All  measurements  were  performed  at  room  temperature  (298  I<) 
in  a  conventional  three  compartment  cell,  separated  by  glass  frits 
and  equipped  with  a  Luggin  capillary  at  a  distance  of  2  mm  from  the 
working  polycrystalline  platinum  (99.998%)  sheet  electrode  of 
1  cm2  geometric  area.  A  large  area  Pt  sheet  of  the  same  purity  was 
used  as  counter  electrode.  A  hydrogen  electrode  filled  with  the 
supporting  electrolyte  solution  (RHE)  was  used  as  reference  57]. 
Prior  to  each  experiment,  the  working  electrode  was  repeatedly 
activated  in  the  deaerated  supporting  electrolyte  solution  by 
cycling  (dE/dt  =  5  V  s-1)  in  the  potential  range 
0.025  V  <  Erhe  <  1.5  V  until  a  reproducible  voltammogram  was 
obtained.  Finally,  the  roughness  factor  of  Pt  (2.2  ±  0.2)  was  deter¬ 
mined  from  the  charge  (Qh  =  0.46  mC  cm-2)  corresponding  to  the 
hydrogen  adsorption  and/or  desorption  according  to  the  well- 
known  procedure  [58],  assuming  that  a  hydrogen  monolayer  re¬ 
quires  0.21  mC  cm-2. 

Cyclic  voltammograms  (CV)  and  chronoamperometric  tran¬ 
sients  at  E  =  const  were  obtained  on  a  setup  including  a  computer- 
controlled  9431  potentiostat  (Atlas-Sollich,  Poland)  equipped  with 
an  IR-drop  correction  system  coupled  to  a  signal  generator  working 
in  the  triangular  potential  sweep  mode  with  programmable  po¬ 
tential  sequences,  potential  ranges,  number  of  cycles  and  scan  rates 
as  well  as  time  periods  with  holding  the  electrode  potential  at  a 
constant  value.  Current— potential-time  dependencies  were 
recorded  and  analysed  with  a  computer-based  system  connected  to 
a  MC112-12  interface  (Mescomp,  Poland). 

The  following  procedure  was  applied  in  the  adsorption  experi¬ 
ments.  After  a  series  of  8  potentiodynamic  scans  between  0.07  V 
and  1.65  V,  the  potential  of  the  working  electrode  was  held  at 
E  =  1.5  V  for  5  ms  and  then  switched  (at  dE/dt  =  10  V  s-1)  to 
different  fixed  Ea d  values  for  various  time  periods,  tad-  Next,  the 
species  adsorbed  on  the  Pt  electrode  were  oxidized  or  reduced 
during  the  first  positive  or  negative  going  potential  sweep, 
respectively.  The  charge  related  to  the  electrooxidation  of  FA  resi¬ 
dues  or  upd-Pb  ad-atoms  (Qox)  was  determined  by  integration  of 
the  respective  CVs  recorded  in  the  first  and  subsequent  cycles.  The 
coverage  of  the  electrode  surface  with  adsorbed  species  (0)  was 
evaluated  from  the  difference  (AQh)  between  the  charge  corre¬ 
sponding  to  the  hydrogen  desorption  from  Pt  in  the  supporting 
electrolyte  (Qg)  and  after  adsorption  of  FA  (Qh),  according  to  the 
expression:  0  =  AQh/Qox  =  (Qh  -  Qh) /Qox-  The  rate  of  the  electrode 
coverage  was  determined  at  various  constant  values  of  Ead  and 
different  values  of  tad  at  constant  values  of  cpb 2+  or  cfa-  By 
comparing  Qox  with  AQh,  the  number  of  electrons  transferred  per  Pt 
site  (neps)  was  calculated:  neps  =  Qox/AQh-  It  should  be  noted  that 
the  charge  corresponding  to  the  double  layer  or  to  the  oxide  layer 
formation  in  a  supporting  electrolyte  solution  was  always  sub¬ 
tracted  from  the  total  charge  involved  in  the  investigated  electrode 
process.  In  chronoamperometric  experiments  the  sequence  of 
activating  steps  was  followed  by  measurements  of  the  current 
density— time  ( j—t )  transients  at  constant  electrode  potentials,  Ead. 

Electrolyte  solutions  were  prepared  using  Millipore  Milli-Q- 
water,  HCOOH  (p.a.  LOBA,  99-100%),  HC104  suprapur  (Merck), 
Pb(C104)2  (SERVA,  50%  sol.),  DCOOD  (p.a.  MERCK,  100%  D),  DCOOH 
(99.85%  D),  p.a.  DCIO4  and  triply-distilled  D20  (IBJ  Swierk,  Poland). 
The  concentrations  of  perchloric  and  formic  acids  were  determined 
by  titration.  Argon  99.998%  (BOC-Gas)  was  used  for  deaeration  and 


stirring  of  the  investigated  solutions.  DCIO4  was  used  in  preparation 
of  electrolyte  solutions  with  D20  and  perdeuterated  compounds. 

3.  Results  and  discussion 

Representative  CVs  in  Fig.  1,  obtained  at  fast  sweep  conditions 
(dE/dt  =  5  V  s_1)  after  holding  the  electrode  potential  within  the 
hydrogen  adsorption-desorption  region,  at  Eacj  =  0.2  V  for 
tad  =  180  s,  illustrate  differences  in  the  catalytic  properties  of  the  Pt/ 
Pb  and  Pt  electrode  in  a  supporting  electrolyte  solution  (0.2  M 
FICIO4)  containing  10-2  M  FICOOFI,  with  and  without  Pb2+  cations. 
Note,  that  the  sweep  rate  chosen  was  high  enough  to  determine  the 
charge  related  to  the  oxidation  of  adsorbed  species  present  at  the 
electrode/solution  interface  only  without  any  interference  of  Pb2+ 
and  FA  diffusing  from  the  bulk  of  the  solution  to  the  electrode 
surface. 

Strong  poisoning  of  the  Pt  surface  with  irreversibly  adsorbed 
species,  formed  of  FA  in  the  absence  of  Pb2+  cations  in  solution,  is 
clearly  indicated  (trace  1  in  Fig.  1)  by  suppression  of  the  current 
related  to  the  hydrogen  electrosorption/desorption  at  E  <  0.4  V  and 
by  the  appearance  of  the  anodic  current  peak  between 
0.75  V  <  E  <  1.5  V  corresponding  to  the  oxidation  of  the  adsorbate, 
with  a  maximum  around  1  V.  Evidently,  the  saturation  coverage  of 
Pt  surface  sites  (0  ~  1 )  with  the  strongly  bonded  species  is  achieved 
under  the  above-mentioned  experimental  conditions  (Ead  =  0.2  V, 
tad  =  180  s).  Accordingly,  the  platinum  electrode  is  inactive  for  the 
oxidation  of  FA  within  the  double  layer  potential  range.  The  influ¬ 
ence  of  FA  concentration  (cPa),  on  the  surface  coverage  with  the 
poisonous  adsorbate  during  the  first  15  s  at  a  constant  electrode 
potential  (Ead  =  0.2  V)  is  illustrated  by  CVs  in  Fig.  2.  The  respective 
CVs  after  various  adsorption  times  at  constant  Cfa,  which  allow 
determination  of  the  rate  of  the  electrode  coverage  with  FA  resi¬ 
dues  (d0/dt),  are  shown  in  Fig.  3. 

There  is  a  general  agreement  that  the  strongly  bound  adsorbate 
is  generated  on  a  Pt  electrode  via  the  dissociative  chemisorption  of 
FA.  Several  possible  CO-like  surface  species  of  various  monomeric 
and  dimeric  structures  (CO,  HCO,  COFI,  C203,  FI2C203,  FIC203,  FIC20), 
coexisting  in  equilibrium  on  a  Pt  surface,  were  identified  [59-70] 
depending  on  experimental  conditions  determined  by  various 
applied  experimental  techniques.  Taking  into  account  the  obtained 
neps  values  (electrons  per  Pt  site)  of  1.6-2  and  the  fact  that 
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Fig.  1.  CVs  of  a  polycrystalline  platinum  electrode  in  solutions  of  0.2  M  HC104  (0), 
0.2  M  HCIO4  +  0.01  M  FA  (1),  0.2  M  HC104  +  1  mM  Pb(C104)2  +  0.01  M  FA  (2),  0.2  M 
HCIO4  +  1  mM  Pb(C104)2  (3);  dE/dt  =  5  V  s"1,  Ead  =  0.2  V,  tad  -  180  s. 
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Fig.  2.  CVs  of  a  polycrystalline  platinum  electrode  after  tad  =  15  s  at  £ad  =  0.2  V  in 
solutions  of  0.2  M  HC104  (0),  0.2  M  HC104  +  0.001  M  FA  (1),  +0.005  M  FA  (2),  +0.01  M 
FA  (3),  +0.05  M  FA  (4),  +0.1  M  FA  (5),  +0.25  M  FA  (6),  +0.5  M  FA  (7),  +1  M  FA  (8);  dE/ 
dt  m  5  V  s-1. 


oxidation  of  the  FA  adsorbate  to  CO2  requires  an  electrode  potential 
of  0.75  V  or  higher  (see  Figs.  2  and  3),  the  assumed  existence  of 
dimeric  moieties  besides  the  linearly-  and  bridge-bonded  CO  seems 
to  be  plausible.  Some  shift  of  the  oxidative  desorption  of  the  FA 
residues  toward  more  positive  potentials  at  higher  cfa  values  and 
longer  tad  is  undoubtedly  connected  to  more  difficult  co-adsorption 
of  oxygen-containing  species  indispensable  for  the  occurrence  of 
this  reaction. 

In  accordance  with  the  preliminary  results  reported  previously 
for  a  Pt(100)  electrode  [4],  a  series  of  adsorption  experiments 
performed  in  this  work  at  various  Ead  revealed  that  the  rate  of 
dissociative  chemisorption  of  FA  attains  a  maximum  in  the  poten¬ 
tial  range  around  0.2  V,  i.e.  close  to  zero  charge  potential  of  Pt 
(Epzc,pt  =  0.2  V  [71]),  at  relatively  low  surface  concentration  of 
electrosorbed  hydrogen  ad-atoms.  This  suggests  a  specific 
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orientation  of  the  reactant  at  the  Pt/solution  interface  as  a 
precondition  of  the  dissociative  transformation  of  FA  to  COad,  being 
different  from  that  of  the  FA  species  which  undergo  direct  oxidation 
to  CO2  at  E  >  0.4  V  (see  Scheme  1). 

Contrary  to  the  situation  on  bare  platinum,  the  dissociative 
chemisorption  of  FA  accompanied  by  formation  of  strongly  adsor¬ 
bed  residues  becomes  almost  entirely  suppressed  on  the  Pt  surface 
modified  by  underpotential  deposition  of  Pb  (upd-Pb).  Simulta¬ 
neously,  the  Pt/Pb  electrode  shows  an  excellent  catalytic  activity 
towards  direct  FA  oxidation  to  CO2  (identified  by  DEMS  [72,73]). 
This  phenomenon  can  always  be  observed  at  the  concentration 
ratio  of  FA  to  Pb2+  cations  in  solution  (trace  2  in  Fig.  1 )  sufficient 
enough  to  ensure  an  almost  complete  coverage  of  Pt  surface  with 
Pb  ad-atoms,  before  any  surface  reaction  of  FA  can  start.  On  a 
polycrystalline  Pt  electrode  as  used  here  we  have  found  that  the 
underpotential  deposition  of  lead  at  a  Pb2+  concentration  of  10  3  M 
in  acidic  solution  proceeds  by  about  two  orders  of  magnitude  faster 
than  the  adsorption  of  strongly  bonded  FA  moieties,  even  if  the 
electrolyte  solution  contains  a  fifty-fold  higher  concentration  of  FA 
(0.05  M).  It  should  be  noted  that  the  same  regularity  had  been 
found  by  us  on  the  Pt(100)  electrode  [4].  Consequently,  under  the 
above-mentioned  experimental  conditions  there  are  no  free  Pt  sites 
available  for  the  dissociative  chemisorption  of  FA  which  would 
result  in  poisoning  of  the  Pt  surface  for  further  direct  FA  oxidation. 
The  absence  of  irreversibly  bonded  residues  of  FA  on  the  Pt/Pb 
surface  can  be  understood  in  terms  of  the  “third  body”  effect  [74]. 
However,  this  effect  alone  cannot  account  for  the  efficient 
enhancement  of  the  direct  dehydrogenation  of  FA  to  CO2  in  com¬ 
parison  with  bare  Pt  because  the  highest  electrocatalytic  activity  of 
a  Pt/Pb  electrode  is  observed  always  at  0pb  ~  1,  whereas  the  for¬ 
mation  of  strongly  adsorbed  CO-like  species  from  FA  is  already 
suppressed  at  0pb  <  0.5  [4]. 

As  depicted  in  the  CVs  in  Fig.  1,  the  direct  oxidation  of  FA  to  CO2 
on  a  Pt/Pb  electrode  is  manifested  as  the  current  peak  (2)  with  a 
maximum  at  0.5-0.75  V  (depending  on  cFa  and  the  scan  rate).  It  is 
followed  by  the  oxidative  stripping  of  the  upd  Pb  ad-layer;  conse¬ 
quently  the  CV  at  E  >  0.9  V  displays  features  typical  of  the  oxide 
formation  on  a  blank  Pt  surface  in  the  supporting  electrolyte  so¬ 
lution.  This  is  convincing  evidence  for  the  absence  of  any  strongly 
bound  adsorbate  on  the  surface  of  a  Pt/Pb  electrode  and  thus  for 
inhibition  of  the  dissociative  chemisorption  of  FA  within  the  po¬ 
tential  range  of  hydrogen  adsorption/desorption  on  Pt  (E  <  0.4  V). 
Additional  support  for  this  conclusion  follows  from  the  current 
density-time  (j—t )  transients  obtained  at  various  constant  elec¬ 
trode  potentials  (Ead)  between  0.07  V  and  0.2  V,  which  up  to  the  FA 
concentration  of  about  0.05  M  at  a  Pb2+  concentration  of  10  3  M 
almost  coincide  with  that  obtained  in  the  electrolyte  solution 
containing  lead  cations  alone  (Fig.  4).  This  means  that  the  cathodic 
charge  transfer  is  related  to  the  electroreduction  of  Pb2+  cations 
only.  Already  within  the  first  0.5  s  after  setting  Eacj  fast  competitive 
coverage  of  the  Pt  surface  with  Pb  ad-atoms  brings  about  inhibition 
of  dissociative  chemisorption  of  FA  on  still  vacant  Pt  sites  and  no 
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Fig.  3.  CVs  of  a  polycrystalline  platinum  electrode  in  solutions  of  0.2  M  HC104  (0), 
0.2  M  HC104  +  0.001  M  FA  (1-5)  after  adsorption  at  £ad  =  0.2  V  for  tad  =  15  s  (0, 1 ),  30  s 
(2),  60  s  (3),  180  s  (4),  900  s  (5);  dEjdt  =  5  V  s"1. 


Scheme  1.  Scheme  of  FA  adsorbate  a)  on  the  upd-Pb-modified  and  unmodified  plat¬ 
inum  surfaces  in  the  double  layer  region  and  b)  on  a  bare  Pt  electrode  in  the  hydrogen 
adsorption/desorption  region. 
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Fig.  4.  Chronoamperograms  of  a  polycrystalline  platinum  electrode  at  £ad  =  0.2  V  in 
solutions  of  0.2  M  HC104  +  1  mM  Pb(C104)2  (1),  +0.001  M  FA  (2),  +0.01  M  FA 
(3),  +0.05  M  FA  (4),  +0.1  M  FA  (5),  +0.25  M  FA  (6),  +0.5  M  FA  (7),  +1  M  FA  (8). 


further  irreversibly  bound  FA  species  can  be  formed  on  the  elec¬ 
trode  surface.  It  is  evident  from  j—t  transients  in  Fig.  4,  that  upd- 
lead  even  at  relatively  high  FA  concentration  cfa  >  0.1  M  in  the 
presence  of  10-3  M  Pb2+  in  solution  appears  to  be  dominantly 
adsorbed  on  Pt.  On  the  contrary,  as  shown  above,  the  unmodified  Pt 
electrode  would  be  quickly  poisoned  with  strongly  bonded  CO-like 
species  in  the  absence  of  Pb2+  ions  in  a  solution  containing  FA. 

The  conclusion,  that  the  presence  of  FA  in  solution  does  not 
affect  the  rate  of  the  Pt  coverage  with  Pb  ad-atoms  up  to  the  above 
mentioned  concentration  ratio  cFA/cpb2+  <  50  is  -  among  others  - 
confirmed  by  almost  identical  magnitudes  of  the  Pb  stripping  peak 
current  (with  maximum  around  0.9  V)  obtained  for  the  Pb2+-con- 
taining  electrolyte  solution  both  with  and  without  FA  (see  Fig.  1, 
traces  2  and  3).  However,  the  anodic  peak  with  a  maximum  around 
1  V  corresponding  to  oxidation  of  poisoning  species  would  appear 
in  CVs  besides  the  stripping  peak  of  the  Pb  ad-layer  when  at  low 
cpb2+  (for  example  5  10-5  M)  the  rates  of  formation  of  the  Pb  ad- 
layer  and  of  FA  dissociative  chemisorption  are  similar  or  the  rate 
of  the  latter  reaction  is  higher.  This  observation  corresponds  well  to 
the  previously  presented  data  on  the  strong  competitive  adsorption 
of  upd-Pb  ad-atoms  and  formaldehyde  chemisorption  [7]. 

If  the  dissociative  chemisorption  of  FA  resulting  in  formation  of 
CO-like  species  is  prevented  due  to  the  coverage  of  Pt  surface  sites 
with  Pb,  the  direct  oxidation  of  FA  to  CO2  appears  to  be  the  only 
process  occurring  on  a  Pt/Pb  electrode.  Consequently,  as  shown  in 
Fig.  5,  the  current  density  related  to  the  FA  oxidation  during  the 
long  term  transients  at  constant  electrode  potentials  within  the 
double  layer  range  is  markedly  larger  on  a  Pt  electrode  modified 
with  Pb  than  on  a  bare  Pt  electrode,  although  the  Pt/Pb  electrode 
gets  slightly  poisoned  with  CO-like  species  at  cFA  >  0.1  M  in  the 
electrolyte  solution  with  cpb2+  =  10  3  M.  Obviously,  the  poisoning 
effect  manifested  as  a  moderate  current  decay  with  time  can  be 
easily  minimized  by  increasing  the  concentration  of  Pb2+  up  to 
10  2  M  or  more,  thus  improving  the  rate  of  lead  electrodeposition 
in  competition  to  dissociative  chemisorption  of  FA. 

There  is  no  doubt  that  modification  of  Pt  surface  with  Pb  ad¬ 
atoms  causes  a  remarkable  change  in  the  adsorption  properties  of 
the  electrode  surface.  The  CVs  in  Fig.  6  reveal  that  a  physisorbed 
precursor  state  including  weakened  bonds  in  the  substrate  mole¬ 
cules  (see  below)  is  formed  on  a  Pt/Pb  electrode  as  a  precondition 
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Fig.  5.  Chronoamperograms  (long  term)  of  a  polycrystalline  platinum  electrode  in 
solutions  of  0.2  M  HC104  +  0.5  M  FA  at  £ad  =  0.4  V  (la)  and  £ad  =  0.3  V  (2a),  and  at  Pt/ 
Pb  at  £ad  -  0.4  V  (1)  and  £ad  -  0.3  V  (2). 


for  the  occurrence  of  a  direct  FA  oxidation,  which  in  the  presence  of 
1CT3  M  Pb2+  in  the  supporting  electrolyte  solution  starts  already 
around  E  ~  0.1  V  at  cFA  >  0.1  M.  An  increase  in  the  current  densities 
within  the  whole  range  of  the  respective  anodic  peak  current  on 
increasing  the  adsorption  time  (tac 1)  at  a  fixed  potential  (Ead  =  0.07- 
0.2  V),  prior  to  the  first  positive  going  sweep,  indicates  that  the 
surface  concentration  of  presumably  physisorbed  FA  at  the  Pt/Pb 
electrode  must  be  significantly  increased.  This  conclusion  is  sup¬ 
ported  by  the  fact  that  the  amount  of  FA  accumulated  at  the 
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Fig.  6.  CVs  of  a  polycrystalline  platinum  electrode  in  solutions  of  0.2  M  HC104  +  1  mM 
Pb(C104)2  (0)  +  5  mM  FA  after  adsorption  at  £ad  =  0.070  V  for  tad  =  0  s  (0, 1),  30  s  (2), 
60  s  (3),  180  s  (4);  dE\dt  =  0.1  V  s"1. 
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electrode  surface  decreases  successively  in  the  following  scans. 
Even  at  dE/dt  =  0.1  V  s-1  the  time  period  of  a  potential  cycle  appears 
to  be  too  short  for  renewed  additional  adsorption  and  appropriate 
transformation  of  bulk  FA.  As  expected,  the  rate  of  FA  physisorption 
and  in  consequence  the  current  peak  related  to  its  direct  oxidation 
to  CO2  become  higher  with  increasing  concentration  of  formic  acid 
in  solution.  It  is  noteworthy  that  the  presence  of  physisorbed  FA  at 
the  electrode/solution  interface  was  observed  also  when  a  bare  Pt 
was  applied  as  a  catalyst  of  FA  electrooxidation  in  the  absence  of 
Pb2+  ions  in  the  electrolyte  solution.  However,  the  direct  oxidation 
of  physisorbed  FA  to  CO2  on  an  unmodified  Pt  electrode  becomes 
visible  in  CVs  (within  the  potential  range  of  double  layer)  not  until 
the  oxidative  desorption  of  strongly  bonded  CO-like  species  was 
completed  during  the  first  positive  going  sweep,  at  E  >  0.9  V 
(Fig.  7).  Moreover,  this  process  occurs  in  parallel  to  the  dissociative 
chemisorption  and  the  amount  of  physisorbed  FA  at  a  Pt/solution 
interface  is  much  smaller  than  that  at  the  Pt/Pb  electrode. 

Further  information  about  the  transition  state  and  the  rate 
determining  step  (rds)  in  the  FA  oxidation  on  the  Pt/Pb  electrode 
can  be  gained  from  experiments  with  deuterium  labelled  com¬ 
pounds  [75-79].  In  our  previous  studies,  the  kinetic  isotope  effect 
was  successfully  used  to  obtain  mechanistic  details  related  to  the 
main  reaction  steps  in  the  electrooxidation  of  formaldehyde  on  Pt 
[7]  and  of  aliphatic  alcohols  on  gold  [80,81]. 

The  influence  of  the  systematic  H/D  substitution  on  the  kinetics 
of  FA  oxidation  to  CO2  on  a  Pt  electrode  modified  with  upd-Pb  and 
free  of  poisoning  species  under  the  chosen  experimental  conditions 
is  clearly  visible  in  CVs  exemplified  in  Fig.  8.  The  rate  of  the 
investigated  process  gradually  decreases  with  increasing  extent  of 
the  H/D  exchange,  whereas  Tafel  plots  show  the  same  slope  (dE/ 
dlog  j  =  90  ±  5  mV  dec-1)  for  various  concentrations  of  unlabelled 
and  deuterated  compounds. 

Comparison  of  the  current  densities  related  to  electrooxidation 
of  HCOOH,  DCOOH  and  DCOOD  on  a  Pt/Pb  electrode  in  the  kinetic 
region  of  CVs  (wherein  the  Tafel  evaluation  was  performed)  yields: 


;HLUUH  /vULUUM  _  o  _i_  n  1  ,-DCOOH  /.-DCOOD 

Jh2  o  /J  h2o  —  j±u.i,  jH2  o  /Je)2  o 

=  2.8  ±0.1  jH“OH/Jd2CoOD  =  8.5  ±0.1 


The  oxidation  rate  of  DCOOH,  after  substitution  of  hydrogen  in 
the  C-H  bond  with  deuterium,  is  diminished  to  1  / 3  of  that  char¬ 
acteristic  of  HCOOH  at  the  same  concentration.  With  the 
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Fig.  7.  CVs  of  a  polycrystalline  platinum  electrode  in  a  solution  of  0.2  M  HC104 
(0)  +  0.1  M  FA  after  adsorption  at  Ead  =  0.2  V  for  tad  =  180  s  (1 :  first  cycle,  2:  second  and 
following  cycles);  dE/dt  =  10  V  s-1. 


Fig.  8.  CVs  of  a  polycrystalline  platinum  electrode  in  solutions  of  1  mM  Pb(C104)2 
(0)  +  0.01  M  DCOOD/D20  (1),  DCOOH/H20  (2),  HCOOH/H20  (3);  (1)  with  0.2  M  DC104; 
(0)  (2,3)  with  0.2  M  HC104;  dE/dt  =  0.1  V  s"1. 


completely  deuterated  DCOOD  in  the  deuterated  electrolyte  solu¬ 
tion,  the  reaction  rate  decreases  by  a  factor  of  8.5.  This  means  a  2.8- 
fold  decrease  in  the  current  due  to  substitution  of  deuterium  in  the 
OH  group.  These  changes  in  the  oxidation  current,  indicating  a 
primary  kinetic  isotope  effect,  comparable  to  that  calculated  for 
catalytic  decomposition  of  gaseous  FA  in  a  chemical  reactor  [82], 
are  additionally  illustrated  in  Fig.  9  showing  oxidation  currents  as  a 
function  of  the  FA  concentration  in  solution.  Since  the  degree  of  H/D 
substitution  does  not  influence  the  Tafel  slopes  and  the  reaction 
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Fig.  9.  Plot  of  electrooxidation  current  as  a  function  of  FA  concentration  after 
tad  =  180  s  at  £ad  =  0.2  V  at  Eox  =  0.36  V  for  Pt  electrode  in  solutions  of:  1  mM 
Pb(C104)2  +  DCOOD/D20  (1);  DCOOH/H20  (2);  HCOOH/H20  (3);  (1)  with  0.2  M  DC104; 
(2,  3)  with  0.2  M  HC104;  after  tad  -  180  s  at  £ad  -  0.2  V. 


M.  Beltowska-Brzezinska  et  al.  /  Journal  of  Power  Sources  251  (2014)  30-37 


35 


order  with  respect  to  the  substrate  equals  zfa  =  1  up  to  an  FA 
concentration  of  0.05  M,  the  same  reaction  mechanism  should  be 
operative  for  undeuterated  and  deuterated  compounds.  It  should 
be  noted  that  analysis  of  long  term  chronoamperometric  data  ob¬ 
tained  on  a  Pt/Pb  electrode  at  various  constant  potentials  from  the 
Tafel  range  revealed  the  same  differences  in  the  oxidation  rate  of 
unlabelled  FA  and  its  deuterated  derivates  as  those  resulting  from 
CVs.  Interestingly,  a  similar  effect  of  deuterium  substitution  in  C-H 
and  O— FI  bonds  on  the  rate  of  the  direct  FA  oxidation  to  CO2  was 
found  also  on  a  freshly  activated  Pt  electrode  in  the  absence  of  Pb2+ 
ions  when  the  initial  part  of  CVs  was  analysed  upon  the  first  pos¬ 
itive  going  sweep  (at  v  >  0.1  V  s^1),  immediately  after  switching 
(v  =  10  V  s-1)  from  1.5  V  to  the  starting  electrode  potential  between 
0.07  V  and  0.2  V.  The  absence  of  strongly  adsorbed  moieties  on  the 
Pt  surface  under  such  conditions  was  clearly  evidenced  by  the  lack 
of  any  suppression  of  hydrogen  adsorption  states  (data  will  be 
presented  elsewhere). 

Almost  the  same  primary  kinetic  isotope  effect  for  deuterium 
substitution  at  the  carbon  and  the  oxygen  atoms  observed  on  a  Pt/ 
Pb  electrode  as  well  as  on  a  Pt  electrode  free  of  strongly  adsorbed 
CO-like  species  support  the  view  that  simultaneous  cleavage  of  the 
C— FI/C— D  and  O— H/O— D  bonds  is  involved  in  the  rds  of  the  direct 
electrooxidation  of  FA  to  CO2.  Most  probably  these  bonds  are  both 
weakened  to  a  similar  extent  in  a  transition  state  formed  at  the 
electrode/solution  interface  under  the  influence  of  the  electrode 
potential.  As  a  consequence,  two  electrons  may  be  transferred  to 
the  electrode  at  a  similar  rate,  almost  simultaneously. 

The  possible  types  of  adsorbed  transition  complexes  of  FA  on  the 
Pt/Pb  and  bare  Pt  electrode  surface  in  the  double  layer  region 
interacting  through  the  carbonyl  group  or  through  both  hydrogen 
atoms  on  Pt  in  the  hydrogen  adsorption/desorption  range  are 
depicted  in  Scheme  1.  The  former  orientation  of  FA  molecules 
(Scheme  la)  seems  to  be  likely  for  the  direct  oxidation  to  CO2  since 
this  reaction  occurs  on  a  positively  charged  Pt/Pb  electrode 
(Epzc,Pb  =  -0.7  V  [83]).  This  is  also  valid  for  the  direct  oxidation  of  FA 
to  CO2  on  the  Pt  electrode  with  EpZC,pt  =  0.2  V  71  ].  Obviously,  an 
inductive  effect  connected  with  such  an  interaction  may  contribute 
to  the  loosening  of  both  the  C-FI-  and  O-FI-bonds  enabling  the 
release  of  two  hydrogen  atoms  and  one  electron  in  the  first  charge- 
transfer  step: 

HCOOHad  ^xCOCT  +  2H+  +  e“ 

and  yielding  CO2  in  the  second  charge-transfer  step: 

xCOO  “^C02  +e“ 

The  above  mechanism  involving  a  simultaneous  release  of  two 
hydrogen  atoms  differs  from  the  previously  suggested  one,  wherein 
the  C-FI-  and  O-FI-bonds  were  split  in  two  successive  charge 
transfer  steps,  with  adsorbed  COOFIad  [60,84]  or  bridge-bonded 
formate  (FICOOad)  species  [61-70  as  possible  intermediates.  The 
presence  of  the  latter  species  on  the  Pt  surface  in  the  potential 
range  between  0.2  V  and  0.6  V  was  suggested  on  the  basis  of  the 
observation  of  a  weak  band  at  about  1300  cm-1  attributed  to  the 
symmetrical  stretching  vibrations  of  COO  group,  besides  the  bands 
at  1790-1880  cm-1  and  2000-2080  cm-1  assigned  to  the  linearly- 
and  multifold-bonded  COad  species  in  the  in  situ  IR  spectra  60-67]. 
However,  this  interpretation  appears  to  be  disputable  because  the 
band  typical  of  asymmetrical  stretching  vibrations  of  the  carbox- 
ylate  group  at  about  1600  cm-1  (see  Refs.  [85,86])  was  not  observed 
in  these  spectra.  Moreover,  since  FA  labelled  with  deuterium  at  the 
C  atom  only  was  used  in  earlier  studies  of  the  direct  FA  oxidation  to 
C02  [64],  the  primary  kinetic  isotope  effect  connected  with  O-H/ 
O-D  bond  cleavage  remained  undetected,  although  the  kinetic 


effect  observed  in  Ref.  [64]  upon  H/D  substitution  at  the  carbon 
atom  and  that  obtained  in  the  present  paper  are  in  full  agreement. 

The  alternative  FA  adsorbate  (Scheme  lb)  formed  at  Pt  surface 
sites,  mostly  in  the  hydrogen  adsorption-desorption  region,  is 
conducive  to  water  release  and  generation  of  the  poisoning  COad 
species.  Accordingly,  a  secondary  kinetic  isotope  effect  was  derived 
from  a  comparison  of  the  CVs  obtained  after  setting  a  constant 
value  of  Ead  (between  0.07  V  and  0.2  V)  on  the  Pt  electrode  in 
electrolyte  solution  containing  DCOOH  (Fig.  10)  or  HCOOH  (Fig.  3). 
The  rate  of  dissociative  chemisorption  of  FA,  deduced  from  the 
coverage  of  the  Pt  surface  (0)  with  irreversibly  bound  adsorbate  as  a 
function  of  adsorption  time  (kinetic  adsorption  isotherms)  was 
decreased  by  a  factor  of  1.5-2  on  substitution  of  deuterium  in  the 
C— H  bond.  In  parallel,  insignificant  differences  in  the  6  values  were 
observed  between  DCOOH  and  DCOOD  for  cfa  =  const,  at  a  given  tad. 
The  same  phenomenon  was  observed  in  the  j—t  transients 
measured  at  Ead  within  the  above  mentioned  potential  range  on  Pt 
as  well  as  on  Pt/Pb  electrodes  when  the  rate  of  underpotential  Pb 
deposition  under  such  conditions  was  insufficient  to  avoid  the 
adsorption  of  strongly  bonded  FA  residues  formed  during  disso¬ 
ciative  chemisorption  of  this  compound  on  still  free  Pt  sites.  Ac¬ 
cording  to  theoretical  calculations  [77,82]  the  secondary  kinetic 
isotope  with  a  factor  of  1.5-2  between  HCOOH  and  DCOOH 
observed  with  a  platinum  electrode  might  suggest  the  oxidative 
desorption  of  hydrogen,  resulting  from  the  cleavage  of  the  C-H/C— 
D  bond  in  FA  as  the  rate  determining  step.  Furthermore,  as  follows 
from  the  very  similar  behaviour  of  DCOOH  and  DCOOD,  the  C-OH 
and  not  O-H  bond  breaks  in  the  dissociative  chemisorption  of  FA 
on  Pt  surface  sites.  The  question  remains  open  about  the  sequence 
of  the  reaction  steps,  i.e.  if  C-H  bond  is  broken  in  the  first  step  of 
the  FA  dehydration  to  COad  or  both  C-H  and  C-OH  bonds  are  split 
simultaneously.  However,  there  is  no  doubt  that  the  removal  of  OH 
group  from  the  FA  molecule  via  a  reaction  with  hydrogen  ad-atoms 
present  on  the  adjacent  Pt  sites  can  be  excluded.  This  conclusion  is 
justified  by  a  much  lower  rate  of  poisoning  of  the  Pt  electrode  at 
E  =  0.07  V  in  comparison  to  that  at  E  =  0.2  V,  although  the  surface 
concentration  of  hydrogen  ad-atoms  is  higher  at  the  former  po¬ 
tential.  A  similar  opinion  has  been  presented  also  by  other  authors 
for  various  monocrystalline  Pt  electrodes  [68]. 

It  should  be  borne  in  mind  that  a  lead  electrode  is  inactive  for 
the  oxidative  dehydrogenation  of  FA,  whereas  a  coverage  of  upd- 
lead  ad-atoms  on  Pt  not  only  prevents  the  formation  of  strongly 
adsorbed  poisoning  species  (being  the  dominant  process  on  bare  Pt 


Fig.  10.  CVs  of  a  polycrystalline  platinum  electrode  in  solutions  of  0.2  M 
HCIO4  +  0.001  M  DCOOH/H2O  (0)  and  after  adsorption  at  £ad  =  0.2  V  for  tad  =  15  s  (1), 
30  s  (2),  60  s  (3),  180  (4),  600  s  (5);  dE/dt  =  5  V  s"1. 
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at  E  <  0.4  V)  but  also  shows  a  pronounced  synergistic  effect  in  the 
direct  FA  electrooxidation  to  CO2.  Thus,  taking  into  account  the 
results  presented  above,  it  seems  reasonable  to  assume  that  the 
enhanced  catalytic  activity  of  Pt/Pb  electrode  is  a  consequence  of 
the  modification  of  the  electronic  band  structure  of  the  surface  Pb- 
atoms  due  to  their  interactions  with  the  Pt-atoms  underneath.  This 
changes  the  adsorptive  properties  of  the  Pt/Pb  surface  as  compared 
with  those  of  Pb  and  Pt,  contributing  both  to  inhibition  of  formation 
of  poisoning  species  and  to  the  synergetic  effect  in  electrocatalytic 
dehydrogenation  of  FA  resulting  in  evolution  of  CO2.  Changes  in  the 
value  of  Epzc  (a  more  negative  value  for  lead  than  for  platinum 
[71,83])  may  in  addition  influence  the  reactant  orientation  at  the 
electrode/solution  interface  and  thus  the  kinetics  and  the  reaction 
products  of  the  process  investigated. 


4.  Conclusions 

Results  of  kinetic  and  mechanistic  studies  of  formic  acid 
oxidation  on  a  bare  platinum  and  a  lead  ad-atoms  covered  plat¬ 
inum  electrode  using  unlabelled  and  deuterated  compounds  pro¬ 
vided  clear  evidence  that  poisoning  of  the  Pt  surface  sites  with 
strongly  bonded  species  can  be  prevented  by  suppression  of 
dissociative  chemisorption  of  FA  due  to  a  fast  competitive  under¬ 
potential  deposition  of  lead  ad-atoms.  Modification  of  Pt  surface 
with  upd-lead  induces  a  catalytic  synergistic  effect  in  the  direct 
oxidation  of  physisorbed  FA  molecules  to  CO2.  From  the  observed 
kinetic  isotope  effect  it  follows  that  the  simultaneous  cleavage  of 
C— FI/C— D  and  0— IT/O— D  bonds  is  involved  in  the  rds  of  this  pro¬ 
cess.  On  the  other  hand,  it  is  the  C-OH  bond  and  not  the  O-H  one 
that  splits  in  the  dissociative  chemisorption  of  FA  on  Pt  surface  sites 
which  involves  elimination  of  water  molecule  and  generation  of 
poisoning  CO-like  species.  The  optimal  conditions  for  monitoring  of 
FA  in  acidic  solution  containing  Pb2+  cations  were  specified. 
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